The combination of car-sharing and electric vehicles can increase the acceptance of electric vehicles and facilitate car-sharing to be a more sustainable means of transport. However, this also poses more challenges for the good planning of electric car-sharing systems. To assist car-sharing companies in improving the planning decisions, this paper developed an evaluation framework from a comprehensive view. In the first step, four evaluation criteria were identified according to the planning process: construction of stations; routine inspection; vehicle usability and relocation management; and the maintenance and replacement of stations. Then, a combinatorial method based on analytic hierarchy process (AHP), cost-benefit analysis (CBA), and Voronoi diagram (VD) is developed to determine the relative weight of the four criteria and evaluate the alternative. Finally, the evaluation framework was applied in a realistic case of EVCARD, which is the most influential electric car-sharing company in China. The performance of two different operational districts of EVCARD-Jingan and Changning-were compared. The results showed that vehicle usability and relocation management is the greatest criterion influencing the planning performance of the electric car-sharing system in China, and that routine inspection is a negligible but important factor. According to the relative scores, Jiagan District performed better than Changning district.
Introduction
Over the past few decades, road transport has been considered to be a main unsustainable source regarding its large and increasing contribution to high oil dependency and global air pollution, traffic congestion and parking difficulty, and traffic accidents [1, 2] . Most of these challenges are related to the rapid increase in the private ownership of internal combustion engine vehicles (ICEVs). In recent years, two main sustainable solutions for the transportation sector are receiving attention around the world. One is car-sharing (CS). Although there has been no unified agreement on the definition of CS until now, most of literature generally accepts its principle as individuals who are able to access vehicles that are shared by a group of members or organizations, on an as-needed basis without paying [3, 4] . Typically, CS is maintained and managed by a third-party organization [5] . It was first introduced in 1948 and holds the potential to achieve a reduction in overall personal vehicle ownership as an alternative mode of transportation as well as alleviate traffic congestion and parking difficulties [6] . Typically, the reduction of total vehicle ownership can contribute to reducing CO 2 emissions. However, CS may otherwise bring about additional CO 2 emissions when users replace previous more environmentally friendly modes of transportation such as public transport, bicycles, or and needs to be market-oriented. Its performance is influenced by many quantitative revenue-related and cost-related factors. Thus, the operation evaluation of an ECSS should be as objective as possible and based on quantitative judgement. This study adopted the AHP method to evaluate the planning of an ECSS. This method is essentially a logical mathematical model and has been proven to be a useful tool for multi criteria decision-making. However, to the best of the authors' knowledge, AHP has not yet been used to evaluate the operation performance of an ECSS in any country.
In the application of the AHP method, one critical issue is how to reduce uncertainty in the experts' opinions and improve the assessment accuracy [27] . In such cases, some extension models have been proposed [27, 28] and a current important improvement direction is to combine practical analysis tools such as SWOT (Strength, Weakness, Opportunity, Threat) with AHP to systematically determine the indicators and sub-indicators and provide a clearer reference assessment for the experts' assessment [26, 29, 30] . However, the SWOT method focuses on decomposing complex strategy systems into opportunities, threats, strengths, and weakness, which may not be suitable for an ECSS. As elaborated above, an ECSS operation is a complex system, of which a good operation system must achieve a balance between revenue (benefits) and costs, in other words, revenue-related and cost-related factors should be the key indicators of performance.
Cost-benefit analysis has a long history in the economy with distortions [31] . Now, it has become a common tool for economically analyzing the efficiency of policies and investment decisions [32] . Recently, there have been several cost-benefit analyses conducted on CS [33] , electric vehicles [34] , offshore wind energy [35] , active cold storage for building demand management [36] , and geothermal heat pump de-icing systems [37] . In this method, all relevant costs and benefits need to be listed and quantified as much as possible, which is consistent with the characteristics of an ECSS operation. Therefore, we tried to combine CBA with the AHP in this paper to decompose the operation of an ECSS from a cost and benefit perspective. A comprehensive list of interrelated critical evaluation indicators was identified, with the aim to provide experts with a judgement reference.
The AHP-CBA-VD is a further combination of analysis tools to further improve the objective of judgement as well as to develop recommendations with regard to performance improvement. The VD is regarded as a trusted and powerful tool to study geometric proximity [38, 39] and has been used in many fields such as geography, forestry, chemistry, and biology [40] . Among these fields, the VD has played an important role in the location allocation of facilities [41] . For a one-way CS system, planning the location of stations is a very important factor influencing its operation efficiency, as described above, and its importance will become more prominent for a one-way ECSS [42] . However, a cost-benefit analysis can only provide economic criteria for distributing the geographic location of car-sharing stations and is hardly able to provide judgement criteria for location distribution from a geographical perspective. Therefore, we attempted to combine the VD with CBA and AHP in this study. Specifically, we tried to summarize some basic principles of ideal station distribution based on the actual situation of the ECSS in China and take these principles with the cost-related and benefit-related factors as a reference for evaluating alternatives.
The above analysis demonstrates that the AHP-CBA-VD is suitable for the research aim. CBA and VD are incorporated into AHP, which allows a judgement reference to be derived from a cost-benefit analysis and station distribution, and determines the relative weight for each criterion. The contribution of this paper is thus to fill in the gap in the existing research through a combinatorial decision support tool for evaluating the planning of an ECSS. This combinatorial model of AHP-CBA-VD allows experts to judge each alternative more quantitatively and ECS operators to precisely compare their operation performance with others and determine directions for improvement.
The rest of the paper is organized as follows: Section 2 reviews the previous research in this field. Section 3 defines the critical evaluation indicators where some important indicators have been ignored by past research. In order to determine the evaluation indicators, a literature review and the opinions of experts and scholars with a background in CS and EVs were integrated. Then, a combination model of AHP-CBA-VD is developed in Section 4. CBA and VD were adopted to supplement the classical AHP. Experts would be given a detailed assessment reference extracted from the methods of CBA and VD in order to better quantify and objectify the weights of each criterion and the values of alternatives with respect to each criterion. A realistic case that describes one influential electric car-sharing (ECS) company in China is conducted in Section 5 to illustrate the procedure of the proposed evaluation framework. In the last section, we summarize the paper and some policy suggestions are provided.
Literature Review

Evaluation of Car-sharing (CS)
To comprehensively review the relevant studies, the literature in this part includes both ECSS and conventional systems. According to the study by Qu et al. [3] , the evaluation of CS or ECSS has gained considerable attention in recent years and most of the research has focused on the benefit evaluation brought by CS to consumers and the society. For example, Fellows and Pitfield [33] employed cost benefit analysis techniques to examine the economic benefits of CS under three scenarios with different participation rates. The results showed that CS could bring great economic benefits (journey costs, vehicle kilometers, average speeds, fuel, accidents, and emissions) for both individuals and society, even with conservative participation rates and relative low patronage. In addition, two major road schemes in the UK were compared with CS where CS produced comparable economic benefits with less implementation costs. Kopp et al. [43] evaluated the overall travel behavior of free-floating CS members and non-car sharers through an innovative survey design GPS tracking smartphone application. This demonstrates that the travel behavior of CS members tends to be more purpose-oriented and flexible. Different travel modes are better used by CS members, which means that free-floating CS can perform more trips with less traffic. Rabbitt and Ghosh [44] assessed the economic and environmental influence of CS in Ireland and the results showed that CS could benefit both the individual in terms of travel cost savings, and society in terms of CO 2 emissions reduction. Schlüter and Weyer [45] adopted the technology acceptance model to evaluate the impact of CS on EV acceptance. Nijland and van Meerkerk [7] assessed the impact of CS on car ownership, car use, and the possible benefits on CO 2 emissions. The results showed that CS could greatly reduce car ownership by 30% and car use by 15-20%. Moreover, CS could also benefit the reduction of CO 2 emissions, even considering its possible alternative to public transport or walking.
The above analysis reveals that most of the existing studies have focused on the benefit evaluation of CS systems including social, economic, and environmental benefits to society and consumers, especially from the environmental aspect where they have tried to explore whether CS can contribute to emissions reduction, traffic congestion alleviation, or travel cost reductions. In addition, most research has selected the one-way station-based CS modality as the research object and the other two modalities (i.e., round-trip station-based CS modality and free-floating CS modality) are less studied [42] . Like most of the previous literature, this paper also focused on the one-way modality. However, unlike the previous literature, this paper tried to evaluate the performance of an ECCS from the perspective of the operators instead of evaluating the benefits of CS to consumers or society as a whole.
Planning the CS
Planning is an integral part of CS and it is very difficult for CS operators to achieve successful design and planning. Typically, the planning of a CS system can be categorized into strategic and operational planning [13] .
The operational planning of CS systems mainly refers to the daily operation management such as assigning travel to vehicles, re-balancing the one-way system, or relocation management such as the redistribution of vehicles between stations [46] , maintenance, and so on. For example, Cepolina et al. [47] developed an object-oriented simulator to assess the different impacts of three relocation procedure systems on the level of service and efficiency of urban CS systems. Deng and Cardin [16] developed a simulation-based solution approach to explore how to minimize the overall daily and maintain a certain service level through vehicle redistribution. Nourinejad et al. [46] not only considered the optimization of car relocation, but also explored the optimization of staff relocation. Two integrated multi-traveling salesman formulations were used to analyze the joint optimization of the above-mentioned questions.
However, for an ECSS, avoiding battery depletion is an additional critical operation decision that must be considered when compared to conventional CS systems [13] . EVs must be charged at an idle time and ECSS operators must consider the battery status when relocating the shared EVs. For example, Gambella et al. [13] presented a mathematical model to explore how to maximize profit through vehicle relocation, while the battery consumption and recharging are key constraints of the model. Lemme et al. [48] presented an optimization model assessing the economic and environmental influence of different technologies including EVs and ICEVs to determine the optimal fleet composition in station-based CS systems. Weikl and Bogenberger [49] used the free-floating CS system with both ICEVs and EVs as the research object and developed a practice-ready relocation optimization model where recharging EVs and the relocation of assigning fully charged EVs to unblock charging stations were integrated. Folkestad et al. [50] explored the problem of how to optimize the charging and repositioning of shared EVs in one free-floating ECSS. A mixed integer programming model was developed to minimize the route distance of staff relocating EVs with depleted batteries to charging stations and relocating EVs.
Strategic planning may need to take a relatively longer time for decision-making when compared to daily operational planning [13] . This involves many interacting aspects such as the number and locations of stations, the sizes of the vehicle fleet and relocation team, and the station capacity [49] . For example, Deveci et al. [51] proposed a weighted aggregated sum product assessment based technique for order preference by similarity to the ideal solution with an interval type-2 fuzzy multi-criteria decision-making model to help CS companies with station site selection. Correia et al. [52] adopted a mixed-integer programming model to optimize the depot locations in a one-way CS under three trip selection schemes, with the objective to maximize profit. Santos and Correia [53] also adopted a mixed-integer linear programing model to explore the optimization of relocation in a one-way CS. In addition to relocation, the optimization of another important aspect, daily maintenance, is also jointly discussed in this paper.
However, the strategic planning of an ECSS needs to consider the additional charging time issue when designing the fleet size and station locations when compared to conventional ICEV-based sharing systems. For example, Li et al. [54] introduced a continuum approximation model to determine the optimal station locations and EV inventories of an ECSS under a battery charging constraint. Brandstätter et al. [55] pointed out that unlike conventional ICEV-based sharing systems, ECSS operators usually needed to consider putting charging stations along the trips of users, rather than at only the departure and end points, when considering the recharging demand of EVs. They proposed a two-stage integer linear program to solve the problems of the location selection of ECCS stations by incorporating the recharging issue in the traditional models with an assumption of the given stochastic demand forecast. Xu and Meng [56] adopted the set partitioning model to explore the optimal fleet size for a one-way ECSS by taking into account the nonlinear EV charging profile.
Through the above-mentioned analysis, we found that the previous literature on the planning of an ECSS had been mainly conducted on optimization problems rather than evaluation. Unlike the existing literature, the research aim of this paper was an evaluation of planning performance. In addition, among the existing literature, the three topics that are the most frequently discussed are location, fleet size, and daily relocation. However, other planning decisions such as routine inspection and the growth strategies of stations (i.e. closing existing stations or opening new ones) during the operation process have seldom been discussed. In fact, the planning performance of an ECSS is influenced by a series of interacting elements. Therefore, this study contributes to the evaluation of planning systems from a comprehensive perspective. A detailed explanation on the comprehensive evaluation framework can be found in Sections 3 and 4.
Identification of Planning Evaluation Criteria
The planning evaluation of an ECSS is a complex system with many hierarchies. To establish a comprehensive evaluation system, this paper structured the preliminary criteria by reviewing the related academic literature and taking opinions from experts. Four major indicators and their definitions are summarized and presented in Table 1 . The four indicators involve both strategic and operational planning and cover the whole process of the ECSS planning. Specifically, the indicators of construction of stations and maintenance & replacement of stations both belong to strategic planning, which may be the first and last step of ECSS planning. They basically include all the station-related decisions such as the location or distribution of stations, the capacity of each station, the total number of stations built and the fleet size of each station, maintaining the stations, closing the stations, and opening new stations. The indicators of routine inspection and vehicle usability & relocation management both belong to operational planning, which involve the various aspects of daily operation such as routine checks and relocation. The four indicators interact with each other and are intrinsically linked to each other, therefore, they have a collective effect on revenue and cost. 
Criteria
Definition Source
Construction of Stations
Related to location network, size and infrastructure of stations.
Brandstätter et al. [55] , Deveci et al. [51] .
Routine Inspection
Related to the routine check on equipment fault and parking occupancy.
Expert Interview
Vehicle Usability & Relocation Management
Related to the flexibility of picking up and returning vehicles and vehicle relocation.
Boyaci et al. [57, 58] , Gambella et al. [13] .
Maintenance & Replacement of Stations
Related to the maintenance and replacement of car-sharing stations.
Fassi et al. [59] .
The detailed description of the four indicators are as follows. It is worth mentioning that this paper focused on the planning system. Therefore, the power supply system, types of EVs, and charging facilities were considered as fixed.
Construction of CS Stations (CSS)
To overcome the recharge disadvantages of EVs and get the expected profit, Brandstätter et al. [55] mentioned that making proper strategic decisions about how to build a set of car-sharing stations is critical for operators. The construction of stations in this study refers to the station network layout, which involves many interrelating decisions such as the location, capacity and number of stations, and fleet size [57] . This is an indispensable factor for comprehensively evaluating the planning of an ECSS [16] because it greatly influences both the attractiveness level of the ECSS for consumers and the costs for operators. A relatively dense network distribution and more available EVs can provide better service for consumers, whereas these would result in more construction and operation costs for operators. Good planning requires a balance between them.
Routine Inspection (RI)
Routine inspection, which is an important factor in achieving good planning performance, has not been identified by most previous studies. Typically, it refers to checking whether there are issues such as the occupation of parking spaces, vehicle or battery failure, in the infrastructure or vehicles, with the aim to improve equipment reliability and operation quality.
In practice, the efficiency of such patrols is influenced by many things such as the design of station network and the monitoring equipment. Typically, the more frequently EVs at one station are used, the greater the pressure of routine inspection. Therefore, excessive use of EVs at some stations may exert a great burden on the routine inspection, if the CS station network is not appropriately constructed. In addition, it is necessary to rationally design the monitoring and emergency equipment because the installation and technical level of these equipment would influence the demand and efficiency for and of routine inspection. For example, with good monitoring equipment, the parking vehicles with temporary malfunctions in charging can be discovered in a timely manner and relevant information can be quickly transmitted to inspectors by monitoring the real-time operation of vehicles.
Vehicle Usability and Relocation Management (VURM)
Vehicle usability is defined as user flexibility in picking up and returning vehicles, by which user satisfaction is basically determined. This factor is influenced by the distance between the users' origin and pick-up stations, drop-off stations, and their destination, which is in turn determined by the station network and availability of vehicles at stations. Usually, an over-radius of service would reduce the convenience of users; too small a service radius, however, would cause competition from other transportation modes such as on-demand mobility services (Uber, Lyft, etc.) and sharing bicycles.
In the one-way system, another major planning decision is vehicle relocation [46] . This term can be defined as a vehicle being relocated by staff from one station to another to re-balance the vehicle distribution. It is a basic strategy for cutting down operation costs [17] . According to the study of Gambella et al. [13] and Weikl and Bogenberger [49] , the objectives of relocation can be categorized into different types based on the relocation strategy such as minimizing the relocation distance or costs, maximizing the operator profits, and maximizing the users' benefit.
Maintenance and Replacement of Stations (MR)
The MR in this paper refers to the operating or closing existing inefficient ECSS or creating new ECSS, in other words, the growth strategy planning of the ECSS. This dimension has been ignored by previous literature because most studies have focused on how to optimally distribute the ECSS before starting the business. However, this is an indispensable part of optimizing the distribution network and improving service since some unpredictable problems may occur during the daily operation.
Regarding the MR, two aspects need to be considered, that is, frequency of maintenance and period of replacement. If the maintenance frequency is too high, the user experience about the charging stations may be affected. However, too low frequency may bring about greater potential problems. Similarly, a too short replacement period may lead to users' concerns and confusion about the stability of the ECSS. However, under the situation of a too long replacement period, the distribution of ECSS may not be able to adapt to the changes in the users' needs or if some useless ECSS may result in a waste of resources.
Research Methodology
Analytic Hierarchy Process (AHP)
AHP in this paper is composed of the following five steps.
Construction of the Hierarchical Structure
The hierarchical structure consists of three levels: the goal of the decision, the criteria necessary to achieve the goal, and the set of alternatives.
In this paper, the goal was to evaluate the planning of an ECSS by ranking different alternatives. The results of the evaluation would have significant implications for the performance improvement of CS operators. To better achieve this goal, four criteria, CSS, RI, VURM, and MR were selected for the evaluation based on the literature and expert interviews, as described in Section 3.
Formulation of Pair-Wise Comparison Matrix
A pair-wise comparison matrix was developed according to the experts' judgement on the relative importance of each criteria. The judgement was provided based on Satty's 9-point scale [19] . Let i, j represent two different criteria in the AHP, respectively, then conducting a pairwise comparison among "n" criteria to obtain a n×n pair-wise comparison matrix A. Each component in matrix A, a ij (i,j = 1,2,...,n), denotes the relative importance of criteria i to j, and a ji = 1/a ij .
Calculation of Eigen Value and Eigen Vector
Eigen value W i refers to the weight of each criteria, which can be calculated through
Eigen vector W = (W 1 , W 2 . . . , W n ) T . W' = A × W, then, the largest eigen value λ max can be obtained through
Determination of Consistency Ration (CR)
After obtaining the largest eigen value, the consistency index (CI) can be calculated as follows
Then, CR = CI/RI, where RI is the random index. CR is the measurement indicator of the consistency of the pair-wise comparison matrix. Generally speaking, the smaller the CR, the better the consistency of the matrix. According to the AHP method, if the value of CR is not more than 0.1, then the consistence of the matrix is acceptable [17] .
Ranking the Alternatives
The last step is to rank the alternatives based on their aggregate priority values, which can be obtained by aggregating the weight of each criterion with respect to the goal and the weights of alternatives with respect to each criterion.
Cost-benefit Analysis (CBA)
In this section, we adopted CBA to further decompose the criteria and construct the questionnaire for the assessment reference. Specifically, the following steps were employed.
Identifying Sub-Factors Based on CBA
In order to make the values of different alternatives reflect the actual planning status, this paper lists the factors that need to be considered when experts make assessments and defines each factor in detail. Based on the previous literature and expert interviews, thirteen factors are proposed, and their definitions are shown in Table 2 . Experts compared the specific performance of alternatives on each factor to obtain the whole assessment value of each alternative. Table 2 , we constructed a questionnaire for the experts' assessment reference, to better quantitatively analyze the criteria. This questionnaire was comprised of several questions that reflected the possible costs and revenues for the operators and the benefits for consumers based on the definition of each criterion (Table 3 ) and each question corresponded to the sub-factors in Table 2 . The experts were asked to score each question in the questionnaire on a scale of 1 to 10 according to their importance in the planning of an ECSS. The average values of each criterion can thus be obtained. The difference between the two average values can reflect the relative importance of each criterion. 
Voronoi Diagram
Generally, a VD is a partitioning of a plane into regions based on the distance to a set of points (or called generators, sites, seeds) that are randomly arranged in the plane [67] . For each generator, there is a corresponding region around it and the distance of all points in this region is shorter to this generator than to any other Voronoi generator. These regions are called Voronoi cells.
Given a planar n-point set R, R = {R 1 , R 2 , . . . , R n }, then the Voronoi cell V(R i ) for the generator R i can be defined as
where d(x, R i ) refers to the Euclidean distance between point x and R i . Interested readers can refer to the study by Senechal et al. [40] for more descriptions on the VD. In this section, we summarize some of the basic principles for an ideal station distribution based on the actual situation of the ECSS in China, and used these principles with the thirteen factors in Table 2 as a reference for evaluating the alternatives. The method was carried out as follows.
Determining the Generator Point Sets
Clarifying the planar point sets is the basic premise of constructing the VD. In reality, the places that can generate fixed traffic demand are usually the origins or destinations of the consumers' travel and these places can be regarded as generators. Based on the study by Hu et al. [68] , three types of generator sets are chosen according to the actual traffic. Set A, A = {a 1 , a 2 , . . . , a m }, 1 < m < ∞, represents transportation centers including airports, railway stations, bus stations, and ferry terminals where consumers usually have a fixed transportation demand and distribution demand of logistics. Set B, B = {b 1 , b 2 , . . . , b m }, 1 < m < ∞, consists of hotels, places related science, education, culture, and health and parks where consumers usually have a demand for car-sharing services. Set C, C = {c 1 , c 2 , . . . , c m }, 1 < m < ∞, is a set of urban sub-centers in a certain area such as the central business district.
Analyzing the Demand Characteristics for the ECSS
Consumer demand for CS systems in different planar point sets has different characteristics. It is important to analyze these characteristics to judge whether the network of CS stations can adapt to the characteristics of these demands. By reviewing the relevant literature and examining the actual situation in China, the characteristics can be summarized as follows.
Specifically, for consumers who plan to leave places belonging to set A, their travel destinations are mostly 10 km away. For consumers whose destinations belong to set A, they mostly need the point-to-point service on renting and returning vehicles. Therefore, the distance between each ECS station in set A should not be less than 10 km in order to avoid redundancy. This principle is combined with the factors of the 'coverage rate' and 'distance between picking and returning EVs' for evaluation.
The places in set B are mainly industrial parks and universities. The population density in these places are relatively stable and the space for parking and charging of CS is relatively large. Target users in these places usually have their specific usage scenarios for car-sharing. For example, college students in China rarely own private cars, however, many of them usually spend a long time traveling such as traveling between different campuses of universities for studying or traveling for leisure. [69] . Compared to public transit, which is not adequately provided in some Chinese cities, it is very convenient for these students to rent out or return the shared cars since they live on the campus. According to previous studies [68] , there exist positive relationships between the capacity of a station (or called service unit, in terms of parking areas and charging facilities) [16] and shared car usage. To satisfy the CS demands, the capacity in each station belonging to set B should be more than the average capacity of the stations belonging to set C. This principle is combined with the factor of 'number ratio of stations to EVs' for evaluation.
For set C, there are usually more pedestrian facilities and shared bicycles in the urban sub-centers. The public transportation is much more convenient and the rental of parking space in these regions is much higher. Therefore, we can consider that within a circular area of which the radius is 2 km, the number of CS stations should not be more than one. This principle is combined with the factor of 'coverage rate' for evaluation.
Analyzing the Service Areas
The recharging and parking service provided by the EVS is similar to a location-based service that can deliver geographic information to shared car users so that they can find the nearest station. Therefore, this paper analyzed the service areas of each ECS station through the generation of a VD. Specifically, the incremental method and divide-and-conquer method were jointly adopted to generate the service areas. The incremental method emphasizes randomly inserting the point in the planar one by one. Each point generates a new Voronoi cell and modifies the lines of previous Voronoi cells. However, this may result in some loss of efficiency when applied to general sites [68] . The divide-and-conquer method is suitable for constructing whole objects, emphasizes turning all objects in the database into a binary tree structure, and adopts the recursive method to merge the branches with the same root until the whole Voronoi diagram is reached [70] .
First, we generated the service areas of stations belonging to set C, when considering the openness of urban sub centers. According to the incremental method, we added the station, which was considered as a generator point, one by one randomly on the planar space. Each addition of a station would result in the generation of a new Voronoi cell and the modification of the lines of the original Voronoi cells. After all of the stations belonging to site C are added in the planar space, we can obtain their original service areas.
According to the divide-and-conquer method, we took each Voronoi cell generated in the incremental method as a sub-segment. The stations (belonging to A, B, and C) located in each sub-segment are regarded as generator points and spread outward simultaneously at the same speed. Thus, we can obtain the sub VDs. The neighboring sub VDs are integrated and the whole Voronoi diagram is generated. Each Voronoi cell in this Voronoi diagram stands for the service area of each station area.
Estimating the Capacity of the ECS
To make an estimation of the number of service units of each station in sets A, B, and C, this paper adopted the analysis method of Wang et al. [69] and Sun et al. [71] , which is based on the variable of traffic flow. Interested readers can refer to the two studies for further information. The number of charging piles in one CS station relies on several variables such as the service radius of the station, which determines the number of contained road nodes, the potential shared EV flows, charging power of charging piles, and recharging rate of chargers. The prerequisite is that each ECS can satisfy the recharging demand for all shared EVs that use the station and maximize the expected value of the charging stations.
Since the purpose of this paper is to evaluate the planning performance rather than determining the optimal capacity of stations, we provide a brief estimation of the capacity of each ECS. The capacity of each ECSS should be more than three service units because the number of shared EVs in the fleet size in most ECS systems in China is over three. A flow chart showing the research process is presented in Figure 1 . number of charging piles in one CS station relies on several variables such as the service radius of the station, which determines the number of contained road nodes, the potential shared EV flows, charging power of charging piles, and recharging rate of chargers. The prerequisite is that each ECS can satisfy the recharging demand for all shared EVs that use the station and maximize the expected value of the charging stations.
Since the purpose of this paper is to evaluate the planning performance rather than determining the optimal capacity of stations, we provide a brief estimation of the capacity of each ECS. The capacity of each ECSS should be more than three service units because the number of shared EVs in the fleet size in most ECS systems in China is over three. A flow chart showing the research process is presented in Figure 1 . 
Case Study
Study Area
To identify the set of alternatives, this paper adopted the EVCARD as the evaluation case. According to the Electric Vehicle Initiative signed by eight countries including China and the United States in April 2011, Shanghai was selected the first international demonstration city for EVs. The Shanghai International Automobile City (SIAC), a municipal owned enterprise, was then established to be responsible for the international demonstration in Shanghai. EVCARD is the first and biggest EV sharing program in China, which was launched by the SIAC in July 2013 and formally put into operation in January 2015. EVCARD provides users with a self-service rental service after they register a membership. By the end of 2018, EVCARD had 3.4 million registered members, and operated a whole fleet of more than 38,000 EVs in China. A total of 13,000 stations have been constructed and are distributed in Shanghai, Zhejiang Province, Jiangsu Province, Hainan Province, and Chongqing. In Shanghai, EVCARD operates about 2130 stations, with most of them distributed in industrial parks, traffic hubs, universities, and business centers.
This study took the Changning (hereinafter referred to as CN) district and Jingan (hereinafter 
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To identify the set of alternatives, this paper adopted the EVCARD as the evaluation case. According to the Electric Vehicle Initiative signed by eight countries including China and the United States in April 2011, Shanghai was selected the first international demonstration city for EVs. The Shanghai International Automobile City (SIAC), a municipal owned enterprise, was then established to be responsible for the international demonstration in Shanghai. EVCARD is the first and biggest EV sharing program in China, which was launched by the SIAC in July 2013 and formally put into operation in January 2015. EVCARD provides users with a self-service rental service after they register a membership. By the end of 2018, EVCARD had 3.4 million registered members, and operated a whole fleet of more than 38,000 EVs in China. A total of 13,000 stations have been constructed and are distributed in Shanghai, Zhejiang Province, Jiangsu Province, Hainan Province, and Chongqing.
In Shanghai, EVCARD operates about 2130 stations, with most of them distributed in industrial parks, traffic hubs, universities, and business centers.
This study took the Changning (hereinafter referred to as CN) district and Jingan (hereinafter referred to as JA) district as the evaluation objects. This selection relied on three reasons. First, all stations in the two districts belong to public use rather than internal use, so the planning performance of the two districts can be equally compared. Second, the stations of the two districts contain the three types of A, B, and C, thus the planning performance could be comprehensively evaluated. Third, as above-mentioned, this paper only discusses the ECSS with a one-way system, and all stations in the two districts provided a one-way service. A detailed description of EVCARD stations in the two districts is presented in Table A1 in Appendix A.
According to the above analysis, the hierarchical structure was formed for the evaluation, as shown in Figure 2 . 
Data Collection
The number of experts needed for a reliable AHP interview has not been agreed on in the past, so the range of which can be one to a large number [72] . However, Thanki et al. [73] pointed out that the AHP method with a large number of respondents may be impractical due to the inconsistency. For example, the number of experts in the study by Angelo et al. [19] was only two; while it was ten in the study by Solangi et al. [22] . In this paper, ten relevant experts were first identified, and a brief profile of the experts is listed in Table 4 . (1) Industrial practitioners of ECS (five respondents). To improve the accuracy of evaluation, the industrial experts selected in this paper all had more than 5years of work experience in ECS in China. (2) Government agencies (two respondents). They are one key category of ECS stakeholders in China [74] , which act in both supportive and 'control' roles. Experts from the government agencies are responsible for the promotion of electric vehicles and carsharing in Shanghai. (3) Academic experts (three respondents). Professionals with relevant knowledge on EVs and CS were invited for evaluation from universities and research institutes. 
The number of experts needed for a reliable AHP interview has not been agreed on in the past, so the range of which can be one to a large number [72] . However, Thanki et al. [73] pointed out that the AHP method with a large number of respondents may be impractical due to the inconsistency. For example, the number of experts in the study by Angelo et al. [19] was only two; while it was ten in the study by Solangi et al. [22] . In this paper, ten relevant experts were first identified, and a brief profile of the experts is listed in Table 4 . (1) Industrial practitioners of ECS (five respondents). To improve the accuracy of evaluation, the industrial experts selected in this paper all had more than 5-years of work experience in ECS in China. (2) Government agencies (two respondents). They are one key category of ECS stakeholders in China [74] , which act in both supportive and 'control' roles. Experts from the government agencies are responsible for the promotion of electric vehicles and car-sharing in Shanghai.
(3) Academic experts (three respondents). Professionals with relevant knowledge on EVs and CS were invited for evaluation from universities and research institutes.
Then, the experts were consulted to examine the proposed criterion (Table 1 ) and sub-factors (Table 2) were summarized from the relevant literature. After that, the experts were asked to fill in a questionnaire to compare the weight of each criterion. Finally, the experts were given detailed information about the sub-factors from the CBA principles from VD so that they could better evaluate the relative values of the CN and JA districts. The whole surveys were conducted through face-to-face interviews and email. Table 3 show the results of the interviews on the importance of each criterion. After pairwise comparison, the difference between the average evaluation scores of each criterion could be obtained, as shown in Table 5 . As presented in Table 3 , the average score of VURM was the largest (i.e., 9.300) and the average score of MR was the lowest (i.e., 6.200). Thus, the maximum difference between the average evaluation scores was about 3.100. Since the AHP method adopts the 9-point scale, therefore the numbers in Table 5 were changed into a 9-point scale. In light of the maximum difference between two criteria being about 3.100, the relative importance degree was graded according to the difference size of 0.300. According to the 9-point scale, the pairwise comparison matrix was obtained in Table 6 , and the relative weights of each criterion are demonstrated in Table 7 . Table 7 indicates that VURM had the greatest influence (62.5%) on the operation performance of the ECSS, followed by CSS (16.5%), RI (16.5%), and MR (4.5%). Among the four criteria, VURM is the most widely studied factor in the previous literature, which is consistent with the results of this paper. The score of CR was less than 0.1, which means that the consistency of the matrix is acceptable.
Results of Overall Ranking
The detailed steps of the alternative evaluation on the planning of the CN and JA districts are illustrated in Tables 8 and 9 . Table 8 shows the pairwise comparison results of the CN district and JA district versus each criterion based on the experts' opinions. Table 9 shows the synthesis of Tables 7  and 8 and presents the relative performance of the CN district and JA district with respect to each criterion. As presented in Table 9 , the CN district performed better on the criteria of CSS and MR, while the JA district performed better on RI and VURM. The overall weights and ranking of the two districts with respect to the overall goal are presented in Table 10 , by summing up the relative weight of the CN district and JA district on each criterion. It can be seen that the overall weight of the JA district to the overall goal was 0.642, much higher than that of the CN district. Consequently, the planning of the ECSS by the EVCARD company in the JA district is estimated to be better than that in the CN district. Moreover, the overall score of the JA district was far higher than that of the CN district. Since there are only two alternatives, the consistency check can always be satisfied.
Discussion and Conclusions
Discussion
This research takes the specific case of EVCARD in China for study and application; therefore, the evaluation outcomes may provide some useful insights for ECS companies, the government, and other stakeholders in terms of improving the planning of the ECSS and the attractiveness of CS.
1.
According to the experts' assessment, the score of each question under VURM was higher than that of the other questions (Table 3) . VURM is considered to be the greatest criterion influencing the planning performance of ECSS in China (Table 6 ). This means that ECS companies must pay more attention in controlling the relocation costs by reducing the relocation distance and relocation staff. Meanwhile, this assessment result shows that the convenience of renting and returning shared vehicles means the most for users and the score for this question was the highest. This demonstrates that the value co-creation between the CS companies and users is essential in the ECSS, in other words, the planning performance improvement of the ECSS must be based on the satisfaction of the consumers' travel demand. [74] . Operators may have to consider how to increase the convenience through good planning methods such as increasing the reservation time (time between requesting and picking up a vehicle) [75] , adequate parking spaces [63] , longer business hours [74] , or the application of intelligent networking technology. The development of CS/ECSS in China greatly relies on government support [68] . It is essential for the government to take appropriate policies to promote the takeoff of CS/ECSS. The results show that policies such as appropriately allocating parking resources to CS/ECSS operators are key for improving the attractiveness of CS/ECSS.
2.
CSS and RI were reported as the second highest factors influencing the planning ( Table 6 ). The importance of CSS on the strategic planning has already been identified in prior studies as described above. For CS companies, station attributes such as the coverage area of each station and the corresponding density and fleet size should be calculated regarding the demand forecast so that use efficiency and construction costs can be balanced. The location of stations is what consumers emphasize, and its choice should consider the built environment.
3.
RI is a negligible but important factor, which is directly related to user satisfaction. How to deal with facility failure and equipment occupancy more effectively and efficiently is what CS operators must focus on. In fact, for CS operators, intelligent and information technology should be integrated to improve the supervision efficiency, and achieve the coordination of vehicles, charging piles, parking spaces, and power grids.
4.
MR was reported as the least important factor (Table 6 ). This may be due to the operation phase of ECS. After all, most of the ECS companies in China are still in the early stage of development.
5.
According to the evaluation results, the JA district of EVCARD performed better than the CN district ( Table 10 ). The main reasons were the RI and VURM. However, the assessment value of the JD district was lower than the CN district in CSS and MR. The main reason may be due to the geographic location. The JA district is much closer to the urban center, which may cause difficulties in distributing station networks and controlling the relevant costs. In fact, the stations of EVCARD are distributed more in the outskirts of the city rather than in urban centers. How to improve the construction planning of ECSS in urban centers, therefore, should be seriously considered during future development.
Conclusions
This paper is among the first to evaluate the planning of ECSS from a comprehensive view. In this paper, we contribute to the existing literature by developing a comprehensive evaluation framework consisting of evaluation criteria and an evaluation method. Through a literature review and expert interviews, four major evaluation criteria were determined: construction of stations, routine inspection, vehicle usability and relocation management, and maintenance and replacement of stations. These criteria present a comprehensive consideration of the whole planning process of the ECSS. Then, a combinational decision support tool for evaluating the planning of ECSS is presented in this paper, based on AHP, CBA, and VD. CBA and VD were adopted as a supplement to the AHP method with the aim to increase the accuracy of the evaluation. Based on the CBA method, thirteen sub-factors were introduced to measure the alternatives and some evaluation principles related to the distribution of the station network and station capacity are presented based on the VD method. This evaluation framework is capable of comprehensively evaluating the planning of the ECSS.
The case study of EVCARD contributes to an original analysis of the planning of the most influential ECS business in China. We demonstrate that the planning of EVCARD in different areas has great differences. EVCARD should seek a balanced development between different districts. For EVCARD, the construction planning of the JA district is a key direction for improvement; relocation management and convenience of picking up and returning EVs, however, should be the key improvement direction for the CN district.
However, there are several limitations to our study. This paper focused on the evaluation of EVCARD in different districts rather than on different ECS companies. In fact, the comparison between different companies can provide better more valuable evaluation results and directions for improvement. Moreover, the assessment on the relative weight of each criterion were mainly based on Chinese practice, which may not necessarily apply to other countries or regions. However, our methods are still enlightening to other countries. B 
